Introduction
The Ras superfamily of small GTPases is composed of five families and Rho GTPases are one of these families that comprises at least 22 members. 1 Except few members, the major part of Rho fam ily GTPases acts as molecular switches that cycle between the active (GTP bound) and inactive (GDP bound) state.
1,2 Activation of Rho GTPases is mediated by one of about 60 guanine nucleotide exchange factors (GEFs), which exchange GDP for GTP. Deactivation is mediated by one of about 70 GTPase acti vating proteins (GAPs), which stimulate hydrolysis of GTP to GDP. Rho GTPases are expressed in all eukaryotes and they function as key regulators of the cytoskele ton and membrane traffic, thereby modu lating cell migration and polarization. The most studied Rho family GTPases are RhoA, Rac1 and Cdc42, which have been almost exclusively studied in the context of signaling at the plasma membrane. With respect to cell polarity, Cdc42 appears to take a center stage, 3 but again our understanding of its role in cell polar ity is based on research focusing on Cdc42 signaling at the plasma membrane. For instance, during chemotaxis phosphoi nositide 3 kinase activates Cdc42 at the leading edge. 4 Receptor tyrosine kinases recruit GEFs for Cdc42 and activate it at the cell surface. 5 Active Cdc42 at the lead ing edge will then signal via the Par com plex to activate GSK 3b and will result in stabilization of microtubule plus ends at this plasma membrane subdomain. 6 How ever, the plasma membrane is not the sole location of Cdc42, which has been detected on endomembrane locations and most prominently at the Golgi appara tus. 7, 8 The functional significance of this spatial pool of Cdc42 at the Golgi remained unclear. We recently used fluo rescence resonance energy transfer (FRET) microscopy to show that Cdc42 is active at the Golgi and that this pool is impor tant for cell polarization. 9 The Golgi appa ratus is increasingly viewed as a platform for the spatial regulation of signaling molecules 10, 11 and its role in cell migra tion and related processes such as metasta sis is becoming increasingly evident. 12 We showed that the Golgi matrix protein GM130, regulates Cdc42 specifically at the Golgi without affecting plasma mem brane Cdc42. The effect of GM130 towards Cdc42 was dependent on RasGRF, which we identified as a new interaction partner for GM130 (see sche matic in Fig. 1A ). The GM130 RasGRF interaction was not only important for the regulation of Cdc42, but it also controlled the level of active Ras, thereby providing an additional example for crosstalk of small GTPases. 13 Since the balance between Ras and Cdc42 signaling is important to maintain epithelial morphogenesis, we reasoned that GM130 might be lost in human tumors. Indeed, GM130 was pro gressively lost when comparing healthy colon with adenoma and adenocarcinoma of the large intestine. 9 Thus, we proposed that spatial regulation of Cdc42 by GM130 is relevant for cell polarity, and thereby to cancer progression. This is based on the notion that defects in cell polarity act as catalyzers of tumorigenesis and metastasis. However, it is not clear what cancer relevant cellular traits are induced by GM130 depletion. Here, we further inves tigated the role of GM130 in cancer with a focus on breast can cer. We explored a panel of breast cancer cells comparing the levels of GM130 and their correlation with Golgi morphology. Further more, we tested the effect of GM130 depletion on cancer rele vant traits such as proliferation and apoptosis. Finally, we deter mined the effect of GM130 depletion on cell migration and found that loss of this Golgi matrix protein inhibits directed motility, while at the same time increasing random cell motility. These results further support the notion of an important role of GM130 in cancer and point to the fact that loss of polarity genes might be of greater relevance for cancer. Our results also indicate that the use of assays that are dependent on cell polarization (e.g., wound scratch assay) might not be useful to predict the tumorigenic potential of altera tions of proteins involved in cell polarity.
Results and Discussion

GM130 expression in breast cancer
We showed previously that GM130 expression is reduced in colorectal cancer. 9 Searching the Oncomine data base (https://www.oncomine.org), we found several studies that reported lower Figure 1 (A) Schematic representing the mechanism of action of GM130: GM130 binds to RasGRF and blocks its function. Once Cdc42 is activated, it accumulates on membranes and the Golgi sends Cdc42 in a polarized fashion to the Leading Edge of the migrating cell, thereby conferring persistence to the migration. GM130 will therefore contribute to maintain the balance between Cdc42 and Ras signaling. When GM130 is lost, the cell cannot migrate persistently and there is an imbalance between Cdc42 and Ras signaling. (B) Box Plots of two studies 32, 33 comparing the mRNA levels of GM130 in normal tissues and in breast cancer tissues (obtained from Oncomine).
GM130 mRNA levels in breast cancer compared to normal mammary tissue and two examples are displayed in Figure 1B . Thus, the defect in polarity imposed by GM130 depletion potentially represents a selective advantage to breast cancer, which is in line with findings of others who showed that loss of polarity genes pro motes tumor progression. [14] [15] [16] We com pared the levels of GM130 mRNA and protein expression in a panel of breast cancer cells (five basal and four luminal cell lines). There was no significant differ ence between the two subtypes with respect to GM130 levels ( Fig. 2A and B) . Interestingly, while most cell lines had relatively comparable amounts of GM130 mRNA (Fig. 2B) , the variability in the levels of GM130 protein was more pronounced ( Fig. 2A) and did not corre late with the differences observed at the mRNA level. For instance while BT20 cells had higher GM130 mRNA levels than BT549 cells, the situation was oppo site at the protein level. This is important for the future when comparing studies that rely on measurements of mRNA (qPCR or microarray) vs. those that rely on protein measurements (immunoblots or immunohistochemistry). Two possible explanations are either that the GM130 protein is subject to different rates of deg radation or that these cells have different rates of translating the GM130 mRNA. Elucidating whether these scenarios apply will be important in the future to better understand the regulation of GM130 in tumors.
Golgi morphology in breast cancer cells
Since cancer cells were shown to often display altered Golgi structure, 17 we deter mined the Golgi compactness index as described previously. 18 Some cell lines dis played strongly fragmented Golgi pheno types, while others exhibited the Golgi as a single copy organelle located in the cen ter of the cell (Figs. 2C and 3) . Overall, there was a weak correlation (R 2 D 0.42) between the expression levels of GM130 and the degree of Golgi compactness (Fig. 2D) . However, when the two sub types were analyzed separately we observed that luminal cell lines have a stronger cor relation between Golgi compactness and GM130 levels, while basal cell lines dis played a very weak correlation. In the future, an analysis of a considerably larger collection of breast cancer cells must be performed to correlate GM130 levels and Golgi morphology.
GM130 depletion does not affect proliferation, apoptosis or adhesion
Based on our previous work, 9 we spec ulate that the effect of GM130 loss is that it de regulates cell polarity and thereby promotes tumorigenesis. However, we did not consider the possibility of effects on other cancer hallmarks such as prolifera tion, apoptosis or adhesion. 19 Such effects could occur either as a consequence of the loss of polarity, or might alternatively emerge downstream of alterations distinct from the defect of polarity, 20, 21 but in any case it is important to determine the effect of GM130 knockdown on these processes. We therefore stably depleted GM130 in two luminal (MCF7 and T47D) and two basal (MDA MB231 and BT549) cell lines (Fig. 4A) . In none of the cells could we detect an appreciable effect on adhesion or proliferation ( Fig. 4B and C) .
In the case of apoptosis, we com pared the basal level of apoptosis as well as cell death induced by the cytostatic drug Doxorubicin.
In all cell lines, we observed a sig nificant increase in apoptosis after treatment with the cytostatic agent ( Fig. 4D) . We next compared the sensitivity towards Doxorubicin treatment in mock depleted and GM130 depleted conditions. In T47D cells, GM130 knockdown led to a reduced sensitivity towards Doxorubicin treatment, although the result was statistically significant, it was very weak. In MDA MB231 cells, depletion of GM130 increased sensitivity and this effect was not only statistically significant, but was also strong. One possible explanation is that MDA MB231 cells have low GM130 protein levels compared to the other three cells lines tested ( Fig. 2A) and therefore, we might speculate that these cells are more sensitive to depletion of this Golgi matrix protein. Another possibil ity is that MDA MB231 are trans formed due to a mutation in K Ras, while the other cell lines are transformed due to mutations in the PI3 kinase pathway (see Table 1 ). However, this remains only speculative at the current state and requires future investigations.
Effect of GM130 depletion on cell motility
We finally tested the effects of GM130 depletion on cell migration. A classic is to perform wound scratch assays and as shown previously for HeLa cells, 9 directed motility of four breast cancer cell lines was inhibited by GM130 depletion (Fig. 5A) . This is consistent with the defect in cell polarization imposed by GM130 deple tion. Furthermore, we performed an inva sion assay wherein cells had to invade through extracellular matrix (Geltrex) towards a gradient (serum). In agreement with a polari zation defect, GM130 knockdown reduced the invasive capacity of cells (Fig. 5B) . However, loss of polarity genes was previ ously shown to promote metastasis, 14, 15 and GM130, which we identi fied as a polarity regulator, also appears to be downre gulated in breast (Fig. 1B) and colonic 9 cancer. It is difficult to reconcile a pro tumorigenic effect with an inhibition of invasion. However, we stress that the wound scratch assay and invasion assays towards a chemoattractant are strictly dependent on polarity and therefore are of limited use to evaluate the role of polar ity proteins in cancer. Using intra vital micros copy, it was shown recently that tumors exhibit two populations of cells, one that is fast moving and one that is slow. 22 There, it was hypothesizes that the fast moving cells are those who cover large distances until they reach the proximity of a vessel, where they become slower. Another report showed that cancer cells that move faster are those which are more likely to metastasize, as they give rise to more circulating tumor cells. 23 We therefore tested the effect of GM130 deple tion on random motility of two breast cancer cells, BT549 and MDA MB231, both of which are of the basal subtype, which is known to give rise to more metastasis than luminal cells. In BT549 cells, we observed a robust increase in a random motility assay (Fig. 5C) . The magnitude of the effect of GM130 depletion is in the range of what has been observed for other genes of relevance to cell motility. 24 Of note, persis tency of cell movement was reduced by GM130 knockdown (Fig. 5C) . A similar observation has been made for HeLa cells migrating on collagen (not shown). In MDA MB231 cells, velocity tended to increase by GM130 depletion, but the effect did not reach statistical significance and was weaker compared to BT549 cells (Fig. 5C) . This is potentially due to the fact that MDA MB231 cells express a constitu tively active K Ras oncogene ( Table 1) . Hyperactive Ras signaling will over activate ERK1/2, which is a positive driver of cell movement. In addition, GM130 depletion itself hyperactivates ERK1/2 9 . Therefore, it might not be possible to detect the contri bution of GM130 towards motility in cells with an already highly active Ras ERK pathway. Finally, we wanted to determine the effect of GM130 depletion on invasion using an experimental setting that does not rely on a gradient. Therefore cells were allowed to invade into matrix, but the upper and lower changer in this trans well assay were identical with respect to the amount of serum (see schematic in Fig. 5D ). Strikingly, GM130 depletion strongly increased the invasive capacity of BT549 cells, but did not exert the same effect on MDA MD231 cells (Fig. 5D) . We think that the increased invasion of BT549 cells is linked to the increase in cell motility (Fig. 5C) . Consequently, MDA MB231 cells, which do not migrate faster after GM130 depletion, also do not invade better. We speculate that this could be due to the fact that MDA MB231 cells are KRas transformed. In addition, these cells have relatively low levels of GM130 com pared to BT549 cells, and therefore, might be more sensitive to depletion of this Golgi matrix protein. This latter assump tion is supported by the observation that MDA MB231 cells are the only one that are sensitized to undergo apoptosis upon GM130 knockdown (Fig. 4D) . Luminal cells are less invasive than basal cells. Never theless, T47D were shown to be slightly invasive 25 and when we tested the effect of GM130 depletion in this cell line and found that the number invading cells dou bled compared to control (data not shown). This result is in line with the observation made in BT549 cells that silencing GM130 results in increased invasiveness.
Our results indicate that GM130, a protein we identified to regulate cell polar ity, 9 is frequently lost in breast and colon cancer. This further strengthens the notion of the relevance of polarity regula tors in cancer. In addition, our results raise concerns as to the choice of assay for how to evaluate the relevance of a polarity gene in cancer. The widely used wound scratch assay suffers from being dependent on cell polarity and therefore, defects in cell polarity will inhibit migration in this assay. However, this result will not neces sarily mirror the role of the examined pro teins in vivo, where they might even enhance migration. In addition, the classi cal trans well invasion assays are typically performed using a chemotactic gradient and are thus also polarity dependent. This assay probably does not measure invasion per se, but rather chemotactic invasion. We propose that it will be important in the future to perform invasion assays with out gradients. The marked difference in the invasive capacity of GM130 depleted cells in the gradient driven (reduced inva sion) vs. the non gradient assay supports this claim.
Materials and Methods
Cell Culture and transfection HeLa, MCF7, MDA MB 361, T47D cells were cultured in Dulbecco's modified Eagles medium (DMEM) supplemented with 10% FCS and 100 U/ml penicillin/ streptomycin. MDA MB 468, SKBR3, CAL51 were cultured in Dulbecco's mod ified Eagles medium (DMEM) supple mented with 20% FCS and 100 U/ml penicillin/streptomycin. BT20 were cul tured in Advanced MEM supplemented with 10% FCS, 2mM ultraglutamine, and 100 U/ml penicillin/streptomycin. MDA MB 231 and BT549 were cultured in RPMI supplemented with 10% FCS and 100 U/ml penicillin/streptomycin. To generate stable cell lines, cells were trans duced with lentiviruses (produced accord ing to the protocols of Trono's lab) and transduced cells were either selected with antibiotics or sorted via FACS (using a BD FACSAria TM cell sorter).
Plasmids
Lentiviral packaging plasmids were bought from Addgene (psPAX2 nr. 12260, pMD2.G nr. 12259 and pLVTHM nr. 12247, from Didier Trono's laboratory). GM130 GIPZ shRNA was bought from Thermo Scien tific (Clone ID: V3LHS 313361).
Antibodies and immunofluorescent labels
Mouse monoclonal anti GM130 anti body was from BD Biosciences (WB dilu tion: 1:250 in PBS BSA 5% overnight IF dilution 1:1000 in PBA BSA 3% for 1h at RT Cat nr. 610823). Rabbit poly clonal anti Giantin antibody was from Covance (IF dilution 1:1000 in PBS BSA 3% for 1h at RT Cat nr PRB 114C). Rabbit polyclonal anti Ki67 antibody was from Abcam (IF dilution 1:1000 in PBS BSA 3% Cat nr. 15580). For immuno fluorescence staining cells were grown on glass coverslips and then fixed with 3% paraformaldehyde for 10 min at RT fol lowed by permeabilization with PBS Figure 4 (See previous page). (A) The indicated cell lines were stably transduced with either a control plasmid (pLVTHM) or a plasmid encoding a shRNA against GM130 (GM130 shRNA). The cells were lysed and processed for western blot with antibodies against GM130 and actin to verify the efficiency of the shRNA against GM130. (B) The capacity of the indicated cells to adhere to a soft substrate (Collagen type IV) were assessed as described in the materi als and methods. Results are shown as averages of three independent experiments § SE. No significant difference was observed using the Student T test. (C) Cells were plated on coverslips, grown to subconfluency and processed for immunostaining against the proliferative marker Ki67 and DAPI. The percentage of cells positive for Ki67 was calculated counting at least 300 cells per experiment in three independent experiments. Results are shown as averages § SE. No significant difference was observed using the student T test. (D) 200.000 cells were plated on 6 well plates. The next day, cells were either left untreated or treated with the indicated concentration of doxorubicin overnight. MDA MB231 were also left overnight in the absence of FCS, in addition to the addition of doxorubicin. Cells were then processed for Annexin V APC as described in materials and methods. The mean fluorescence of the Annexin V staining was measured in at least three independent experiments for every condition. Results are shown as averages § SE. Asterisks indi cate statistically significant differences calculated with ANOVA using the Newman Keuls correction for multiple comparisons (*P < 0.05; **P < 0.01, ***P < 0.001).
containing 3% BSA and 0.2% triton X100. DAPI Fluoromount G (Southern biotech Cat nr. 0100 20) was used to mount the coverslips.
Confocal microscopy and image analysis
Live Microscopy was performed on a LeicaSP5 confocal laser scanning microscope using a 10X objective (NA 0.3) equipped with a Ludin Chamber. Alternatively, a Zeiss Axiovert 200M with 37 C incubation chamber was used. A 10X objective (NA 0.45) was used for live images with the Zeiss sys tem. Fluorescent Images were acquired on the Zeiss Axiovert 200M using 20X objective (NA 0.4) or a 100X oil immersion objec tive (NA 1.4). ImageJ was used to process the images. Briefly, the process "subtract background" was used on every image. If needed to improve visibil ity, brightness and contrast of the images were cor rected (linearly) using the "adjust" menu of ImageJ. Images coming from the same experiment were all modified the same way to leave unaltered the infor mation. Merged images were created with the appropriate function of ImageJ, after correcting the single channel images as described above. The Golgi compactness index was cal culated using the formula GCI D 4p £ Area/S Perimeter 2 as described in Bard et al., 18 with GM130 as Golgi marker.
Wound Assays
Cells were grown on glass coverslips, or on 8 wells glass bottom cham bers (BD Falcon Cat Nr. 354108), or on 4 well glass bottom cham bers (Lab Tek Cat Nr. 177399). Once confluency was reached, a wound was made using a 10 mm pipette tip. HEPES at a final concentration of 100mM was added to the cells before starting the over night imaging. One image every 5 minutes was taken using transmitted light for at least 8 hours. Alternatively, wound scratches were imaged immediately after scratching and after overnight migration. The area covered by the cell sheets during migration was measured. The area migrated by control cells was set as 100% RT PCR Total RNA was isolated from cells by using the Qiagen RNeasy kit. cDNA was prepared from 500 ng total RNA by using the high capacity cDNA reverse transcrip tion kit (Applied Biosystems) following manufacturers' instructions. Q PCR was performed by using Fast SYBR green PCR MasterMix (Applied Biosystems). RT PCR were run on 7900HT Fast RT PCR system (Applied Biosystems). Expression of GM130 was normalized to the expres sion of GAPDH. Specific primers for GM130 were designed with the online software Primer3Plus (http://www.bioin formatics.nl/cgi bin/primer3plus/primer3 plus.cgi). Specific primers for GAPDH were previously described 26 . Sequences are:
GAPDH 
Adhesion assay
The adhesion assay was performed as described previously. 15 Briefly, glass cov erslips or glass bottom dishes were coated with tail vein rat collagen type IV at a con centration of 2 mg/ml (Roche Cat nr. 11 179 179 001). Surfaces were covered with collagen and air dried followed by washing with PBS and storage at C4 C. Cells were trypsinized and counted. Imaging was Apoptosis assay 3E5 cells were plated on 6 well plates. 24 h later, Doxorubicin was added to the cells at the minimum concentration required to induce apoptosis (determined Figure 5 (See previous page). (A) Wound healing assays were performed as described in materials and methods. The area migrated by the cells was measured. Results are expressed as percentage of migration compared to control conditions. Results are shown as averages of at least three indepen dent experiments § SE. Asterisks indicate statistically significant differences calculated using Student T test (*P < 0.05; **P < 0.01). (B) Cells were plated on top of Geltrex covered membranes with 8 mm pores and let invade in the presence of a chemotactic gradient (FCS) for 24 h. The number of cells which invaded through Geltrex was then counted. Results are shown as averages of at least three independent experiments § SE. Asterisks indicate sta tistically significant differences calculated using Student T test (*P < 0.05). Below the bar graph, schematic of the experimental settings. (C) Cells were plated on glass bottom slides and imaged overnight. Velocity and persistence were calculated as described in the materials and methods. Results are shown as averages of three independent experiments § SE. Asterisks indicate statistically significant differences calculated using Student T test (*P < 0.05). (D) Cells were plated on top of Geltrex covered membranes with 8 mm pores and let invade in the absence of a chemotactic gradient for 24 h. The number of cells which invaded through Geltrex was then counted. Results are shown as averages of at least three independent experiments § SE. Aster isks indicate statistically significant differences calculated using Student T test (*P < 0.05). Below the bar graph, schematic of the experimental settings. Cat. Nr. A14132 02) diluted in RPMI or DMEM with 0.5% FCS (gradient) or with 10% FCS (random) to a final con centration of 1.2 1.8 mg/ml. Then, coated inserts were stored at 37 C for 1 h, to allow Geltrex to polymerize. In the lower chamber of the invasion well, 600 ml RPMI or DMEM supplemented with 10% FCS were added. 1E5 cells were resuspended in a volume of 200 ml of medium with 0.5% FCS (gradient) or 10% FCS (random) and subsequently were plated in the upper chamber of the invasion well. Plates were then stored at 37 C and allowed to invade for 24 h. Afterwards, the upper chamber was cleaned with a cotton swab and the inserts were analyzed on a Zeiss Axiovert 200M with a 10x objective. 4 images/well, corre sponding to 1 /4 of the total area of the invasion insert, were analyzed in every condition. Cells were counted in every image with the "cell counter" plugin of ImageJ and each condition was compared to control cells.
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